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I. IN'RODUCTIO

One of the standard structural computer codes for elastic analysi
used at BRL is a slightly modified version of the -ell known SAMS II.
This code performs stress analyses of axisymmetric structures t. one
option, utilizing two-dimensional, ring-shaped, quadrilateral fiuite
element.,. It allows for non-i3otropic material properties if the
principal directions of the, orthotropic material are oriented so as to
preserve cylindrical syrsetryo Among the more useful fcatures of the
SAAS II version at BIL is its automatic 2D mesh generator, which requires
as input only the coordinates of certain boundary points.

The basic limitation of the SAAS II aode is its two-dimensional
character. This makes it inapplicable when torsional type loads,(e.g.,
torsional surface shear lcading or angular accel.ration,)are applied
or when tft.e principal ax0es of an orthotropic material are o~iented at
an angle to the axes of cylindirica2 symmetry. This latter exception
would occur, for instance, in a filament wound composite pressure vessel
with wrap anle other thnn 90 (hoop winding). When BRL became
involved in the analysis of fiberglass rocket launch tubes as part of
th SWMAL program,the ability to model helical wrap angles other than
90 on an exact, ply-by-ply basis beccne mandatory. The SAGA finite
element code (for Stress Analisis of Generalized Axisymmetric Structures) 2 3was developed on contrazt by Prof. Adam Zak of the University of Illinois
privirily to meet this demnnd.

The new code was to be based on the existing SAAS II, retaining as
closely as possible the same input format and mesh preparation .o that
users of the existing code would have no difficulty preparing runs for
the new code. In addition, the logic would be similar. Two versions
of the code were developed, the first retaining the straight-sided
linear elements of SAAS and the second utilizing advanced quadratic
isoparametric elements.

A detailed account of the two versions of the SAGA codes, along
with listings and input instructions, may be found in References 2 and 3.
This report will present a general description of the SAGA family of
codes and discuss the modifications made to the contractor supplied
programs. The application of t.hese codes to some actual problems
will be shown.

Sawyer, Stepten erard, "BRLESC Finite Element Program for Axiymetric,

Plane Strain, and Plane Stress Orthotropic Solids with Temperature-
Dependent Material Properties, " BRL Repor-t No. 1539, March 19?. (AD 9727702)
2Z?:, Adam R., Second Quarterly Report, Contract No. DAADS-?3-C-0197,

zllistic Research Laboratories, Aberdeen Proving Ground, MD.
3ZWk, Ada R., "Finite Elemint Conputex. Program for the Analysis of
Layered, Orthotropic Structure," BRL Contract Report No. 158, June 1974.

(AD #783412)



I
II. DESCRIPTiON OF T!E SAGA CODES

The SAGA codes are designed for the linear elastic stress analysis
of structures (the bilinear elastic option of the SAAS :I code was
dropped). The elastic material description used is that oi an orthotro-
pic materiai with nine independent elastic constants. The axes of
material orthotropy are orienteA at the angles a and 8 to the cylindrical
coordinates as shown in Figure 1. This description is adequate to
represent filament wound vessels exactly on a ply-by-ply basis. The
orthotropic elastic material properties are then rotated automatically
by the code in a rigorous tensor manner to obtain the properties in the
cylindrical coordinates. For an arbitrary a and 6, these properties
are anisotropic rather than orthotropic, so that there is a coupling

between normal and shear stresses and strains in all directions. SAAS II
will accept as input only those material properties which are orthotropic
in cylindrically symuetric directions. Hence, individual ply material

properties must be approximately converted to cylindrically orthotropic
properties manually prior to input. There can be no normal-shear coupling
in this approximation. Since filaiaent wound vessels are usually balanced
by having a, the helical wrap angle, vary by plus and rainus the same
angle on alternate plies or groups of plies, the option to perform this
type of variation automatically is included in the SAGI codes. The
stress-strain relations allow for thermal strains and temperature dependent
material properties, similar to SAAS II, but heat transfer problems are
not solved in either approach.

The finite elements utilized for the representation of actual structures
are annular elements with a quadrilateral cross section in the r-z plane.
Each of these ring-shaped quadrilateral elements is formed from four
triangular elements similar to the SAAS II code as indicated in Figure 2.
The element forming subroutine has the capability to utilize triangular
elements as a degenerate case, so that irregular boundaries may be fit
more accurately. The locating of nodes for the elements is accomplished
by the mesh generating subrrutine of SAAS II, so that mesh input infor-
mation is identical to that of the former code.

The geometric sh"De of tih . structure to be analyzed must be axisymmetric,
in order to be modeled by anmular elements. In addition, all loads
applied to the structure are also axisymmetric. With this restriction
the coordinate 0 (see Figure 1) is not an independent variable. The strain-
displacement relations used in the analysis are limited to this case.

The displacement pattern in each finite element allows full, three-
dimensional deformations. In particular, the circumferential (hoop)
displacement is not assumed to be identically zero. Along with this
expanded displacement pattern, a general ,three-dimensional stress-strain
field, independent of 0, results. Included in this field are the shear
stressesT r6 and T _ , admitting tors;on problems. The input boundary
conditionsrwere modiied to allow for nodal parametef specificatio, in
three dimensions and to allow for torsional type shear loadings a.id
angular acceleration inertial effects not found in SAAS II.

,1b
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The output from the computer program consists of the displacements
of the nodal points (in three directions) and the stresses and strains
within each element. The stresses are presented first in the global
cylindrical coordinate at each output point, and then, in terms of the
principal material directions defined by "the angles a and 0. Because
of this largr, amount of stress data, effective stresses are not
computed in the SAGA codes.

An option in the SAGA codes allows the storage of the mesh and
element data for a particular configuration. As a result, sequential
computer runs with variation only in appliea surface and inertial loads
cqn be performed economically. This allows the loading to be applied
incrementally to model quasi-static,time-deper.dent response in a
more e-onomi c procedure.

This completes the general description of the common features of
the SAGA codes. The two versions will now be considered.

SAGA I - Linear Version
2

The term linear refers to the form of the shape functions used to
describe the displacements within the tjiangular basic element. Sinc'
both versions of SAGA are isoparametric , this also means that the
basic triangular -lement is linear; i.e., it has straight sides defined by
the nodes at the apexes. Therefore,the mesh generator of the BRL version
of SAAS II may be used directly for SAGA I and the element formation
proceeds in an analogous manner.

Each of the nodes has three degrees of freedom (DOF) corresponding
to displacements in the three coordinate directions. Four of the basic
triangies are combined into a quadrilateral finite element as in igure 2a.
The degrees of freedom corresponding to the node in the center a- the
quadrilateral element are eliminated, using the equilibrium equations at
that node, before the global stiffness matrix is fnq-med. Stresses are
output corresponding to the centroid of the quadrilateral element.

SAGA II - Quadratic Version
3

The theory v, higher-order isoparametric elements is outlined in
Reference 4.

From a simplified point oi view, quadratic elements imply that the
unknown displacements are approximated by seco-id-order shape functions
within the basic triangular element. Ln addition,the sides of the
clement cross section are determined by quadratic curves; i.e., the
element geometry is isoparametric ('*iso" - equal, "parametric" - constants)
to the displacement shape functions.

4Zieni iewicz, 0. C., Finite Element Method in Enginee2 ">ig Sciei '-

McGraw-Hill, New York, 1971.
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The finite elements are again ring-shaped, but the cross section of
a typical element in the r-z plane may now have curved boundaries as
in Figure 2b. In order to utilize the same mesh generator as that used
in p,,'e'-i. versions and still be capable of incorporating midside
nodes, this firt, element is constructed from the nodes coi'responding
to four elements oi the linear versions of the code. This n3dal location
is indicated by broken lines in Figure _b. Note that we must have an odd
number of nodes in both directions. Since the mesh generator is capable
of generating circular arcs, the element is able to represent a curved
boundary as accurately as the grid is calculated. The mesh generator
gives fairly uniform grids, so that there are no highiy deformed
boundary shapes for th element, a condition which nust be satisfied for
higher-ordev elements.

The basic triangular element is formed from six nodes; the nodes at
the apexes each have three degrees of freedom (DOF) corresponding to the
three-dimensional displacement field, while the midside nodes have two
DOF. correspondino to axisymmetric displacements oaily. This particular
choi .e of displa ment degrees of fr. edom was justified by the assumption
that circumfere ..al displacements are "more m.iform" than the remaining
ones and may be approxima:ed by linear interpolation functions. This
assumption reduces the total DOF of the basic triangular element by three.
Each triangular element thus contains 15 DOF. 7he axisymmetric displace-
ments are interpolated over the element fron the values at six nodal
points. The r:Prm of the shape function on the huundary is a quadratic
function vn'rquely determ:.ned by the three nodal values lying on T.he
boundary. Linear functions are used to interpolate the circumferential
displacements from the apex nodal values. Having nodal points with
different numbers of DOF requires careful logic and bookkeeping during
total stiffness matrix and load vector formalion.

Quadrilateral elements are formed from four basic tri.ngular elements
by eliminating all the degrees of freedom interior to the element. This
elimination is accomplished by invoking equilibrium considerationn for the
comon nodal points. The full quadratic quadrilatcral element thus contains
20 DOF, as compared to the equivalent four linear elements, which contain
27 DOF (see Figure 3). This reduction in the number of DOF which must be
considered for each element is one of the primary purposes for utilizing
highe'-order isoparaietric elements.

The strains are calcu)ated at four points within the quadrilateral
element (located 80 percent of the distance along each diagonai from the
centroid to the corner node) and these four values are used to int-rpolate
the strain within the element at any position desired. The prini.ut
includes the stressq and strain values calculated at the same spatial
locations as those used in the linear version. *This enables straight-
forward comparisor.i to be made.



I. 14ODIFICATIONS TO THE CODE

Minor changes to the computer program Vfstings supplied ay the
contractor in References 2 and 3 for both versions of SAGA .;odes were
necessary to implement the codes on BRLESC (the BRL electronic computer)
and to correct bugs which appeared when inertial forces were considered.

Among the modifications necessary for code compatibility with

BRLESC were:

ii. A chanqe in the dimesion of alphanumeric arrays

b. The elimination of double precision specification cards (since
BRLESC al-eady uses he eqtivalent of double precision)

c. The eliminati, , mixed mole arithmetic

d. The change of some GO TO (i, j, * • * ) statements (BRLESC
will not handle a zero index value)

e. The elimination of indexed indices ;e.g.,A(Ikl)). In addition,
the MPLOT subroutine was largely rewritten using BRIESL r..tting comands.

Modifications provided by the contractor subsequent to the listing
include the correction of an error in the mesh generator portion of
the code. This error had been undiscovered in SMS I. Also, two
additional variables, KTL and KAT, were wided to the POINTS subrCutine
to enable the code to handle large numbers of fiber orientation angler
in settig up material property blocks. An option was udded to the
code to stop mimputation after only the mesh generating and initial
plotting routines executed, in order to detect input errors before
lenrgthy computation.

In the STRE3S subroutine, before tie strains in the element may be
calculated, the displacements corresponding to the eliminated DOF must
be found. The coding to accomplish this contained an error in bo'th
versions. For example, the quadratic version was

DO 130 1 1 1, 11
P (1+20) = 0.0
03 130 J = 1, 11
O 130 K = 1, 20

130 P (1+20) = P (1+20) + TR (I, J)*
(Q (J) - S(J+20, K) * P r))

V9



This procedure should calculate values for the eliminated displacements
(P(21) thru P(31)) in terms of the known displacements on the boundary
of the elements (PCi) tbru ?(20)), part of the partitioned stiffness
matrix for the element (S (J + 20, K)), an inverted portion of the
partitioned stiffness matrix (TR (1, J)), and the nodal forces acting
on the eliminated nodes (Q (J)). However, in practice, this would
effectivwly replace the nodal load by 20 times the load, due to the
interior 90 on K. This bug would appear only when Q (J) was nonzero;
i.e., when inertial forces were present. This section of code was
rewritten in the form

DO 129 J = 1, 11
00 129 t = 1, 20

129 Q(J) = Q(J) - S(J+20, K) *P(K
DO 10 I = 1, 11
P (1+20) = 0.0
DO 130 J = 1, 11

130 P (1+20) = P(1+20) + TR (i,J) * QJ)

This correction eliminates the necessity of the code adjustment eiscussed
in Ref 3, pg 16, which was required when inertial loads were present.
The same considerations apply to the linear version of SAGA. During
applications, the SAGA family of codes wa, found to require over an order
of vagnitude more computer time than the SAAS 11 code, This excessive
run time was largely eliminated by a simple modification %nich will be $
discussed after the example problems have been presented.

In addit-nn to the above modifications which apply to both versi,)ns,
some changes were made to the quadratic veysion only. A section of
the ISOSTF subroutine had been written to calculate the incremental
stiffness mstrix for a future non-linear version of the code, but
was retained in the listing of the linear elastic code. It was deleted.

In the STRESS subroutine, the strains are found in the element
at points located 80 percent of the distance along the diagonal from
the centroid to the corners of the element and these values are used
to interpolate the strain over the element. 1owever,thie coordinates
of the corner nod-s are used and interpolated with the same fun'ctions.
ro eiminate this dis,&bpancy, the r and z coordinates of the points
where the strain is found were calculated in ISOSTF when the strain
matrix was form~ed and saved for use in STRESS.

For the purpose of computing the inertial forces in ZSCSTF,the
recomputation 'A th, shape functio s was eliminated. To calculate
the rotational -,frtia force, the factor w (angular velocity) was
changed to w . F ar the axial and tangential body forces, an
excess R (radial distance) occurs (a factor R appears in the parameter
X)1). Finally, in the supplied listing, the calc,,lated inertial
forces were never added to zhe total element load vector.

10
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Current listings of the codes, embodying all of the above changes,
Pay be obtained from the author. No attempt will be made to list
the two versions of the code in this report.

IV. APPLICATIONS OF THE SAGA CODES

The SAGA family of codes was testcd on problems including a
rotating disc, a pressure gage, and a charge design chamber.

a. Rotating Disc

IhL order to check the inertial capabilities of the codes, the

.imple problem of a rotating isotropic disc was ar.alyzed. The disc had
a radius of 12.7cm and was .635cm thick. The same nodal points were used
for the grid on SAAS II, SAGA I, and SAGA II. A total of 63 nodal
points were used, 21 along the radius of the disc and three through
the thickness. The center row of 21 nodes was constrained against
Axial motion due to symmetry about the midplane. SAAS II and SAGA I
divided the disc into two rows of twenty linear annular elements, w.ile
SAGA II used one row of ten quadratic elements. The stresses in the
disc due to an aagular velocity of 1000 rad/sec are shown in Table I.
All codes gave a good approximation to a state of plane stress, with
no z dependence of stress and small transverse values. The correct
analytic values of the stress at r = .319 cm, ased on plane stres*
assumptions, are a = 71 't/m2 and a = 71 M/m . There is excellent
agreement among the codes for this eKample.

TABLE I. STRESSES IN ROTATING DISC

E = 106 psi (6.895 x 10 N/in 2 ) y = .001 lb (mass)/in3 (27.,,8 kg/m )

R = 5 inches (12.7 cm) v = .3
t = .25 inches (.635 cm) w = 1000 rad/sec

SAAS If SAGA I SAGA II

R 2(2 2 2x2O
in (cm) (O/E)xlO2 (oo/E)xlO (O/E)xlO2 (o/E)xl02 (a_/E)xl02 (2O/l)xlO

.125 ( .317) 1,0315 1.0320 1.0312 1.0315 1.0302 1.0307
1.13 (2.87) .9791 1.0015 .9789 1.0012 .9785 1.0007
2.13 (5.41) .8448 .9241 .8446 .9237 .8444 .9235
3.12 (7.92) .6z81 .7993 .6279 .7989 .6278 .7988
4.12 (10.5 ) .3290 .6270 .328/ .6266 .3288 .6266

4.88 (12.4 ) .0505 .4655 .0502 .4652 .0504 .4663

Total
Computer Time .84 min 9.05 min 15.1 min

(Original Version) (Original Version)

11



b. Pressure Gage

A second example, more detailed than the first, was used to
compare the solutions to a problem which may be solved with SAAS II.
Specifically, the problem is the analysis of an on-board pressure gage
designed by H. Gayfonnerly with BRL. The analysis of the gage with
internal applied pressure and axial acceleration matching anticipated
service conditions was performed by Arnold iutterer using SAAS iI .

his finite element g'id is shown in Figure 4. The same nodal points
vere used for the SAGA I and SAGA II calculations. The stress variation
through the wall of the gage in the vicinity of the test section (near
mid-lerath) is shown in Table II. The loads were a combination of
138 MN/rm2 internal pressure and an axial acceleration in the negative z
direztion of 8384 g. For this more complicated problem, the results
are not as close as for the first example, but the variation between
SAAS II and SAGA I is less than two percent. Since SAGA II utilizes
more sophisiticated quadratic elements, it might be anticipated that for
the same number of nodes this version of the code would yield superior
results. The exact correspondence of SAGA II with the two linear codes
would not be expected. The difference between the iinear codes may be
attributed to differences in round-off for the large number of equations
to be solved since SAGA I must also eliminate the tircumferenti~l
deflections during the equation solution process. The displacement
output for both versions of SAGA did list all hoop deflections as zero,
which should occur in, this axisymmetric problem.

r

5Futterer, Arnold, "Finite Element Anazyeis of Acceleration Effect on
an Internal Ferrule Pressure Gage," Forthcoming BRL Memorandum Report.

12



TABLE II. STRESSES IN TEST SECTION OF PRESSURE GAGE

Internal Pressure = 20 kpsi (138 x 106 N/m2)

E = 30 x 106 psi (207 x 109 N/m2)

y = .283 lb/in3 (7830 kg/m )

Location Z = .305 in (.775 cm)

v = .285

Axial Acceleratin = 8384 g

r SAAS II I SAGA I SAGA II

o0(psi) a a(N/m 2) a 0(psi) o 0(N/m2) a 0(psi) a (N/'A2

.0979" 6 6 6
(.249 cm) 38849 268xi0 39193 270x10 39360 271xi0
.1134"16

(.288 cm) 32003 221x10 32344 223x10 32452 224xi0

.1289" 6 6 6
(.327 cm) 27577 190x10 27907 192x06 27970 1932.10

.1521" 6 6 6
(.386 cm) 23456 161x10 23767 163xi0 23861 165x06

Total Computer Total Computer Total Computer
Time = 4.6 in Time = 44.0 min Time = 49.2 min

(Original Version) (Original Version)

13



The computing time used by each code for these two examples has been
indicated. The timer utilized by aRLESC does not have great precision,
yet it may be seen that the SAGA family takes a factor of ten more run
time than the SAAS II. This large increment in required computing time
for the new codes would h?.ve seriously limited their potential usefulness.
After being notified of this problem Professor Zak installed accurate
timing procedures into the codes at the University of Illinois and was
able to locate a single, inefficient, nested DO-loop in each of the
SAGA codes. By rewriting this loop, the time savings indicated in
Table III resulted. Similar time savings appeared in all other problems
considered. Due to the increased number of unknowns, the solution of the
linear equations should requir,! 2.5 timles more computer run time. The
revised codes have the proper order of time required.

TABLE III. TOTAL COMPUTER RUN TIME ON BRLESC FOR THE
GAY PRESSURE GAGE ANALYSIS

SAGA I SAGA II SAAS II

Old Version 44.0 min 49.2 min

4.6 min
New Version 7.54 min 10.48 min

Both versions of the SAGA code utilized the same nodal points.
Hc4ever,it may be seen that the increased number of eliminated variables in
SAGA II did not result in a faster running program. This is undoubtedly
due to the more detailed logic required to set up the elements and
compute the desired stresses. However, the higher-order isoparametric
elements may have better convergence properties so that fewer original
nodal points are needed for a given accuracy. No comparisons on this
point were made at this time, but evaluations will be made in the future.

c. Charge Design Chamber

An examplo of the unique capabilities of the SAGA code is
demonstrated by the analysis of the design of the Charge Design Chamber.
It is desired to have a model of a gun chamber within which a propellant
may be ignited. The progression of propellant motion could be traced by
the use of flash radiographs taken through the chamber walls. The chamber
was to have a design pressure of 345 ttl/m", but to be as thin as possible
to retain maximum resoluti3n for the flash radiograph records. It was
decided thac anS-glass fiber in an epoxy matrix would yield the highest
X-ray visibility for the strength required. Filament wound fiberglass
requires the type of analysis that the SAGA codes are intended to perform;
i.e., non-cylindrically orthotropic material properties.

14



The interior dimensions of the chamber were datermined by the
dimensions of the gun chamber to be modeled. The chamer was approxi-
mately 101.6 cm long with an inner radius of 8.26 cm, incvrnnratinV a small
linear taper toward the front of the chamber. Approximate dalculations
indicated that 44 plies of fiberglass windings .025 cm thick would Le
needed with tne plies wound at alternate plus and minus angles of 640

to form 22 layers.

To model each ply with a single row of elements, a large
number of elements are required through the thickness. Hence, the linear
version was used for the analysis. Even with the SAGA I code, only some
of the plies could be modeled individually; the remainder were rrouped
into elements several layers thick and the nateriai properties approximated
as cylindricaliy orthotropic.

The first attempt to model the entire chamber length with
smaller elements near the ends resulted in the aspect ratio of some of
the mid-length elements on the order of 170 to one; i.e., the elements
were 170 times longer than thick. This led to a severe numerical
instability in the equations formed, as was readily apparent f-unm dne
solutions obtained. To avoid this difficulty, only segments of the
chamber were analyzed at a time. It was found that reliable answers
were obtained for aspect ratio as high as 50 to one over a chamber segment
up to 30 elements long. The;e segments were primarily at the ends of the
chamber so that the effects ef the end mounting boundary conditions could
be determined. Several design iterations of end constraint conditions
were required to reduce the large bending moments in the chamber at these
positions. A compressive prestress was imposed to reduce the possibility
of "premature" hoop failure noted in some experiments.

Salculations revealed the stresses shown in Table IV for the chamber
with ±64 degrees alternating plies away from the ends. The stresses shown are

TABLE IV. STRESSES IN CHARGE DESIGN CHAMBER

70% S-glass Material Properties of Fiber and Resin front Reference 6.
30% resin

Internal Pressure = 50 kpsi (345x10 6N/m )

All Plies ± 640 6 inner plies ! 800

a '7 a a a
n s ns n s ns

Ply I (+) 402,118 -9,397 -65,426 437,897 -2,980 -19,359

Ply 2 (-) 400,343 -9,326 +65,246 436,004 -2,795 +19,295

6Ashton, J. E., Halpin, J. C., and Petit, P. H., Primer oni Conw .;*te
Materials: Analsis, Technomic P'bl, Stamford, Connecticut, IC.

is



those in the plane of the composite ply, with n indicating the direction
of the fiber and s the direction normal to the fiber for the two inner
plies where the fiber strzss was maxim=. The ultimate strength in
the direction of the fiberq is approximately 3100 M/%2 (from Reference 4).

Hence,the fiber stress is within allowable limits. Likewise,the stress
in the resin perpendicular to th4 fiber is compressive and allowable.
This is information which could have been obtained from SAAS II by
approximating a plus-minus ply combination by a single orthotropic layer.
Based on this data alone the design ap-jears to be adequate. However,

the third colum of the Table is the i.-laminae (torsional type) shear,
induced by anisotropic properties of matexiia, a quantity which cannot be
calculatad by a two-dimensional code. Thnis nicar is well above the ply
ultimate shear strength of approximately 138 ?/m 2, and would surely lead
to the failure of the chamber.

The plies were rotated to hoop windings on all but the inner
six plies, which were kept as helical windings of + 80 degrees wrap
angle to preserve some bending stiffness. Due to the greater stiffness
to interior pressure of the loop windings, six of the outer hoop plies
could be removed leading to a thinner chamber wall. The stresses for

this configuration are also shown in Table IV for the same position.
The maximum a occurs in the first hoop winding, but it is approximately
equal to thatn in the inne-.' ply. These predicted values are all less
than the ultimate strength of the S-glass composite material.

Performing this design analysis with a code other than SAGA would
not have revealed the high in-laminae shear of the original configuration
and lead to the design of a chamber that would fail according to static
failure criteria. (Rate and temperature effects on strength may also be
impurtant but are not considered in either approach).

d. Further Examples

The developer of the SAGA codes has applied the two versions of
the codes to numerous simple examples and described the results of these
investigations in Ref 2 and 3. Some of these examples have been duplicated
at BRL to demonstrate machine transportability.

The application of the SAGA I code to the stress analysis of a
portable, composite material, rocket launcher was performed by the
contractor. The results of thLs analysis are presented in Reference 7.
High values of in-laminae shear for helical wound fiberplass bodies are
noted in this report also. No experimental verif-cation of this analysis
has been performed yet.

7Zak, Adam R., "Numerical Analyois of Laminated, Orthrotropic Composite
Structures," BRL Contractor Report No. 272, November 1975. (AD #A018875)
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V. CONCWSIONS AND REC,"NDATIONS

The SACA family of codes is operational at EIRL and confidence in the
programs has been established by test problems. For treating filament
wound composite structures, the codes have demonstrated the ,mique
capability of predicting in-laminae shear stresses. The relatively
large values of these stresses suggest that they may play a major role
in the failure of filament wound composites at wrap angles different
from hoop windings. This effect is totally ignored in the SAAS II or
similar codes.

The SAGA codes may also handle torsion loading of axisymmetric bodies,
another capability not present in SAAS II. The ability to handle torsion
loading at the same time as other loadings makes the special purpose
torsion code, TORT II developed by the University of Swansea
obsolete at BRL.

The factor of 2.5 increase in computer run time of SAGA over SAAS II
does not seem too severe a penalty for the additional capabilities
gained. The SAAS II code will continue to be used for problems within
the scope of that program.

8Carson, John and Drysdale, W. H., "An Analysis of Finite Element Code
TORT II." BRL Memorandum Report 2463, March 1975. (AD #AO08319)
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Figure 1. Orientation of Principal Material Directions to Cylindrical

Axes.
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a. SAGA I- linear version
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b. SAGA I- quadratic version

Figur-; 2. construction of Quadrilateral Finite Element from Triangular

Basic Elements.
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3 3DOF

a. SAGA 1, 27 DOF

3 3DOF

2 2DOF

b. SAGA HI, 20 DOF

Figure 3. Nodes and Degrees of Freedom Associated with Final Assembled
Elements for SAGA Codes.
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Figure 4. Finite Eleimnt Grid for Pressure Gage (from Reference 5).

22


